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ntroguetivn

When segregated solute atumu{ or alows chewisorbed trowm Lue
vapor phase, are found on the surface ol' a crystal, they are
senerully founu to occupy specil'le crystallograpnic sites(l).
Thus It is to bLe expected that there will be differences in
segyregation or chemisorption behavior on crystal surfaces of

[ e

dit'ferent orientation. Exawmples of this nhave been shown by
Shelton et al.(z) for the case of C segregation to Ni crystal
surfaces and by Johmnson et al.(3) for the- cuse of difterential
seyregation of Au to ditferently oriented surfaces in a poly-
crystalline sauple ol a lil-Au alloy. We have commenced & study
of seprepgation of the Group IVB elemenps C, Si, and Sn in Ve,
and we report here observations o!' competitive segregation of

these elements to the surfaces of individual grains in a poly-

crystallince sample at temperaturcs up to 7U09C.

Experimental rrocudure

The vacuum=-induction meltgd alloy wus received in the lorm
of a cast ingot of dimensions 2.5x29%x1.3 cm (below ihe hot top),
the composition of which is given in Table 1. A 3mm slice was
cut from the ingot and was hot-rolled at 950°C in 10 passes to
O0.6mm. After this 80pct reduction the strip was homogenized
at 9y50°C for 20n. In order to produce a large grain size the
strip was glven a tensile elongation of 2.%pet (in 10 sec.)
and was annealeu @y indicated in Fig. 1. The sample was then
metallograpnically polished and etched with 3pct Nital. The

resulting grain vice was in the range -3 to Smwu uiatu.
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dhe orlenlations of lndividuul grains woere detoeraines vy
tne Luue bacu-rctlection method. The orienlaticns ol tne gruius
used for wuger analysis yre shown in the stundard sterecog,rapnic
triangle in Pi,. 2.

t'he heating method used in tne ultra~-hijh vacuum (UHV) sys-
tem was siwilar to that employeu by Yen ct al.(“) The specinen
holder 1is shown in Fig. 3; the specimen was heated by conduction
from tne resistively neated tungsten ribbons to which it was
spot-weldeu. ‘Tnic configuration gives a reduced electric field
In the central tortion of the specimen, and it permiﬁs nuer
analysis ab elevauled temperatures {(with the heatling currcent on).
Tne maxilmun current used was 20A. A therwocouple spot welued
to the bacl of the specimen was used to control the teuperature,
which was held constant within 5°C up to 700°C. Tne tenperature
variatlion over tie 10xb5mu area of the sample was cestiuated to be
less than 10°C.

The segregation behavior on Y graing was studieua at 5u°¢C
intervulis over the temperature Eanae 25 te T00°C. The sampyle
surface was initizlly sputtered clean with art at 2500; tie
temperature wus tien raised to 50°C and the auger prak helgnts
were obtained for individual elements using a multi-charnel
analyscr 4s a function of time until a slcuuy state wuu reacneu.
Then Lhe temperature was inecreased by H09C and Lhe process wus
repeated, and up Lo 70000; tnereupon the process was reverscd

until the sauple returned to 24°¢.

The Auper weuasurcments were made with a Puysical Llectron.ces

scannin g Augcer Licroprobe (SAM) using a primary beam size of 150 jiw




at 3keV andg YU ua beaw current. The modulation voltage wus
6V. ‘'I'he Auger pecaks used for analysls were (in e¢V): ke 703,
5n 430, C 270, $i 92, and O 503. It should be noted tnat the
g2eV 51 peak contains a contribution -of uncertain magnitude
from the 86eV pea of Fe and that the latter decreases
rapialy as tine e is covered by seyregating elements.

Hesults

Initial Cleaning. The surface composition on grain no. 15
as a function of sputtering time 1is shown in Fig. 4. This shows
that tne surtface was initially contaminaﬁed with C ana 0O, due to
contact with the air and cleaning; in alcohiol. It also shoveu &
small excess ol Sn and a corresponding deficiency of 5i. How-
ever, the sputtering data for the latter indicates an excess of
Si below the Sn-encriched surface layer. This was our fiest
direct evidence for a repulsive interaction between Sn and 51
in re, whicn we c¢xpected because of the cheniical similarity ot
these solutes and by analogy with the C-Si repulsion studiea
long ai;o by Darkeu(5). The fact that Sn segregated preterentially
with respect to 51, even though the concentration ratio was 1:200
on an atom fraction basis, attests to the g reater surtace activity
of O vs Si. The presence of the S$i would be expected to
enhance the surfuce activity of the Sn becausc of their mutual
repulsion. 'This can be rationalized in terws of the Guttmann

repular solution mouel(ﬁ), as gshown by lcerahon and Harchut(7).

Serication boenavior

Lzamples ol tne apparent steady states reached after prolongeu

heating at 450 and 6%0°C are shown in iig. 5. At 450°C the

surface coverage bty C on grain no. 20 decrcased and that of si




lnerensca Cthiio do ln o keepling witn the anticipuatod repdlulve
inturazctlon wevieen these elenents in e {sce above); however,
we cannot cuay anything about the total fractional coverage ol
the gsurfacce or wietier the C and 51 conpete on an individual
5ite basis, us opposed to ygrowth and uhrinkage ol patchies of
area'connainina only C or Si. o 4n scgregation was olLscrved
at 150°C during the time of observation (60 min.); later, this
wil. be shown to be « kinetic limitation.

At 0509C (¥ig. Sb) Un segrcgated strongly on grain no. 13
and reacued a Steady state within 10h. There was sowme Clisplacenent
¢f {1 observed. Ine amount of 5i, it any, remaining alver 100 is
unkr own because ot Lne above-mentioned interference by the e buev
éea}.

Lar e dil't'ercnces were observed in the surlace concentratlion
of oany e.ewint Urow one grain to another. This can be Lilustrateu

by tigss.e 6 and 7, cuccu of which snows a dit'terent s-ureltl Junctiorn.
D > < =

flgire O i a ccanning clectron micrograph {(Siin) of a junction
in tne gi<ciuen witer ggeing ot usooc; tue image was foraed by
detcctior of avsirobed speclmen current.  bFigure 6b is a GAR

Imag . formed by wonitoring the 81 Y2¢V Auger electrons; it is
obvious taat jrain no. 1 contains much Oi, winile grains no. 2 and

3 do not. It is linteresting that tue Si-covered grain wppears durk
in tae Siai; we belleve that this is duc to a reduction in the wors
function of the surface due Lo the $i coverage. Shis woulu allow
relaviveiy rester ecwlssion ot secondary electrons trom the

surface ol tals Sraln into the vacuum and would producce a4 corres-

pond.ngly smallce cpeclmen current when the electron beam passcd

over this srain.e A Slwilar phenomenon was exhibited when Sn was
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allswed to poplace the CL by heating al 6509C.  Pigure 7u is tuo
Shil o @ I-pruin junction, anu Mig. 7b is the corresponding on.
fmage; note that tae Su-~covered prain 1s dard in tne Suil.

kxamples of the seyregation behavior of the various elements
on different  rains over the tecmperaturc range studied are shown
in Fig. 8. The curves fof individual elements on different grains
are superimposed in I'ig. 9. Certain pgeneral similarities are
evident: Below 400°C ¢ segregated at the expense of Si;
between ~400 and 600°C s5i segregated strongly and expellec C trom
the surface completely; above 600°C $n segregated strongly and
expelled Si frum the surface. The Sn concentration aecreused when
the témperature Wwis railsed beyond 650°C; this is consistent with
the observation by Lea and Sean(8) that significant evaporation ot

on occurs above that temperature.

vhen the saumple was cooled in 100°C steps, the Sn concentrasiun

ne
rewmained nigh and $i diu not re-appear. Thus, it is concluded tnust
the cquilivriun contiguration of this alloy Involves ISn segregutlion
to the surface; the appezrance of S$i between LUU and 600°C is
precumably the result of its greater ¢iftusivity relative to $n in
that temperaturc range as shown in Fig. 10. I we consider the peall
temperature range tor C, Si, and Sn in Fig. 9, we find that thegse
temperatures correspond roughly to a diftusivity of 1013 et~ 2 Suc‘i,
as indicated by the dashed line in Fig. 1lvu.

As coolling progresseu down to 500°9C thie $n concentration
increased comewnatl, implying that surface saturation wac Leling
approacheu as the temperature decreascg. Carbon was found to return

to tim surfacce buelow 400°C, but this did not seew to alfect the Su

concentration. ‘ihis lmplies that interaction between these elements

e
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to the atomic arran_ecments on the surfaces of
The general pattoern can be seen if the maxinum peak heipgnt ratiocs

(PH®), uscin: the Fe 703eV peak as the denominatcr, are normalizec

(using tre lar st value for each element to detine 100; any
plotted cn the cttandard stereographic trilangle. The resulto,
shown in Figo. 11, 1ludicate the preclence of a Lelt in tie lower
éuntral rportion of the triangle in which all threc 2lzuents reacne.
hipher concentretlons than in surroundin,; oricntacions. lowever,
Si reached 1vs ni_nest concentration on a surface oriented ncar
tne (111 corner, ushereas tne maximui C and Ui concenirLilons wore
near tnelr lowell valuces on thils suelace.

The obuervitions uescribed here wers luterndoed Lo L2 exploratory
aiwd to reveal tio areas in which ftruittul detalled experiments
could be curriee cul. Primarvily, vhey have ralsoeu the guestion off
tiwe basis ror the orientation eftects portrayei in IFi,. 1l1. The
next set of cxpurinents will concerntrate ou thic lssue and will
2uiploy cryutaly tpeclally orienteu so that thelr curtuces are wells
do Uined low-index planes, such as (100, (1i0), awd (Lli).  one
asipect whilch decerves particular attention 15 whether tne high

irder surtaces e the center ot the teiangle arve, in fact, single

planec or comblnstions ot steps of lower Index planes. If the
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sabter cuace prevaei s, then Lone Lolal surlacc coverage
should be undevstunuable in bterwd of coverages {ounu on the
cornstituent lower index plancs.

Two aspects of the segregation behavior which snow up
clearly and which can be understood fairly well even at this
stage of the work are the prescnce of metastable surtace
coverage by laster diffusing elements at lower tempceratures and
the presence ol strong chemical repulsion between C and Si and
between 51 and Sn. The former aspect appears to be the surface
analog of tne ftormation of metastable bulx precipitéte: aurlirng;
agein; of a4 supercaturated solid solution. This kind ot puenome-
non has been recognized and studied by poysicel metallurgists

for many years.
Tne repulsive chenical inteructions are Lo be expected

between cnemically similar elements whicn do not combine to form

compounds when eachh is dissolveu In a third element. ‘he interestir

feature revealeu in the present study is tne importance of atomic
s! . differences in determiniﬁg the aeygree of cnewical repulsiorn.
The relevant atomic sizes are listed in Table II, in wnich the
atomic radli are aujusted for a bulk coordination nunber of 12.
The size ultterences between C and $1 and between 8i and sn

(witn respect to be) are 32.4pct and 23.7pct, respectively;
whereas it is Y0.1lpct for the case of C and Sn. Apparently,

the aiffercnee in the latter case is co large that tuese elenents
behave souwrwhat inuepenuently as rar as surface segregation is
cohncerncd.  [Presuasably, one should not look upon this u4s only
involvin, utowm sice, per e, bubt 4lso ut an el'teet of size on

the ocuter clectron properties.  ior cxample, Lhe ouler b elcctrons
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TABLE I. Cowmposition of the Saupie

Elements N$1 C S Sn Fe
Wt % 3.1 0.004 0.004 0.06 Balance

TA3LE 11. Atowm Size Data Adjusted For .

Coordination rumber 12

C Si Sn Fe
r(10°8 cn)  0.914 1.32 1.62 1.26
AT -0.35 +0.06 0.36 0
Ar/vp, —27 .05 *h.85  +28.5% 0
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11.
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Annealing ucucdule tor produclng cvarse-jsralnec specinens.
Orientations of surlace normals of the grains studled.

Deﬁails of speclinen holder.

Variation of surface composition during initial sputtering or
one grain showing initlal contamination Ly C and O, small
segregation of Sn, and depletion or Si.

Examples of variation of surface composition of two yrains

as a function of time at 440 énd 650°C,

(a) Scannin; electron image (using absorbed specimen current)
of & three-grain junction at 450°C. (b) Scannin, Auger electron
image (using the Si Y2eV electrons) showing that the grain with
high 51 covergge corresponds to the dark grain in (a).

(a) Scanning electron image ol another three-yrain junction

at 650°C. (v) Ccanning Auger electron image (using tne Sn 43ueV
electrons) showing; an effect similar to that in Fi_. 0.
kxamples of” varlation ol steady state surface couposition ot
four grains with equilibration temperature uuring both heating
and cooling.

Superposition ol curves frowm Iig. 8 for (a) C, (b) $i, anu

(c) &n.

Diftusivities of €, 8i, and sn in Fe, extrupolateu from éuta
compiled in kef. 9.

Depenucnce of maximuri Auger peak heiht ratlos (normalizea to
100) o surface crystallographic orientation for (a) C, (b) on,

and (c) 5i.
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